Abstract: This work reports the results of structural analysis in novel dextran-acrylate (dexT70-VA) hydrogels generated chemoenzymatically. Porous structure as well as hydrogel surface and interior morphologies were evaluated by mercury intrusion porosimetry (MIP), nitrogen adsorption (NA), and scanning electron microscopy (SEM) analyses, as a function of the degree of substitution (DS), and initial water content used in the preparation of the hydrogel. MIP analysis showed that the overall networks were clearly macroporous with pore sizes ranging from 0.065 to 10 m. As expected, the average pore size decreased as DS increased and as initial water content decreased. Moreover, the porosity values ranged from 75 up 90%, which shows that these hydrogels present an interconnected pore structure. Nitrogen adsorption analyses showed that the specific surface area of dexT70-VA hydrogels increased either by increasing the DS or by decreasing the initial water content of the hydrogel. SEM results revealed that the surface of hydrogels with lower DS presented either a porous structure or a polymeric "skin" covering the pores, whereas hydrogels with higher DS were totally porous. Furthermore, the interior morphology varied according to the DS and the initial water content of the hydrogels. Finally, the average pore size was also determined from the swelling of hydrogel using a theoretical model developed by Flory-Rehner. The comparison of the SEM and MIP results with the ones obtained by the equilibrium swelling theory of Flory-Rehner shows that this approach highly underestimates the average pore size.
INTRODUCTION
Hydrogels are interesting systems for peptide and protein delivery because of their good tissue biocompatibility and possibilities to manipulate the permeability for solutes. 1, 2 In addition, hydrogels are an exciting approach to cell delivery for tissue engineering. 3, 4 Irrespective of their use, it is crucial to perform structural analysis to evaluate pore size and morphology, porosity, and surface area, among other parameters. These parameters are critical factors to control swelling, drug release behavior, and biological interaction inside the body. [5] [6] [7] In fact, it has been reported that pore-size distribution in degrading dextran-methacrylate hydrogels is very important to modulate the release of proteins. 5 In addition, it has been shown that subcutaneous implants, which had virtually no pores larger than 5 m were not integrated in the surrounding tissue, whereas the opposite was found for implants with pores larger than 10 m. 6, 8 A higher degree of tissue integration enhances drug and cell delivery of implantable hydrogel devices. Furthermore, porosity, which gives an indication of the pore connectivity, is important to assess the possibility of blood vessel ingrowth necessary for cell-transplanted activity. 6 Hydrogel pore structure can be assessed by mercury intrusion porosimetry (MIP), thermoporometry, and nitrogen adsorption or by visual methods like scanning electron microscopy. Thermoporometry, recently applied in the field of hydrogels, 9 provides information on pore size distributions in the mesopore range (pores with diameters between 2 and 50 nm 10 ) in swollen hydrogels; however, the feasibility of using this technique for macropores (pores with diameters higher than 50 nm 10 ) assessment has not yet been reported. SEM is very often described in the literature to study morphological details of cryofixed-swollen hydrogels. [11] [12] [13] [14] Indeed, image analysis has been used to obtain information about pore size distribution, porosity, and surface area density; 11 however, such information is restricted to the location where the analyses are performed. MIP is widely accepted as a standard method to measure porosity, and it also allows an estimation of pore size distribution in the macro-and mesopore ranges, while nitrogen adsorption (NA), currently used for surface area determinations, is capable of measuring pore sizes in the micro-(pores with diameters lower than 2 nm 10 ) and mesopore ranges. Unfortunately, few studies have used both techniques for pore structural analysis in hydrogels. 6, 12, 15 Recently, we have reported the preparation of dextranacrylate (dexT70-VA) hydrogels by chemoenzymatic routes and determined the average pore diameter through the equilibrium swelling theory of Flory-Rehner. 16, 17 This is a simple and widely used approach to estimate pore sizes, 18 -21 only requiring the experimental determination of polymer volume fractions, which are determined from hydrogel swelling. However, a deeper characterization of structural properties of dexT70-VA hydrogels was not performed. In the present work, the morphology, porosity, surface area, and pore size distribution of dextran-based hydrogels were evaluated by MIP, NA, and SEM analyses. Furthermore, the pore size distributions given by the different techniques were compared with the values obtained through modeling by the equilibrium swelling theory of Flory-Rehner.
MATERIALS AND METHODS

Materials
Dextran (from Leuconostoc mesenteroides, dexT70, M n ϭ 39,940, M w ϭ 70,000, according to the manufacturer's specification) was obtained from Fluka Chemie AG (Buchs, Switzerland). Vinyl acrylate (VA), dimethylsulfoxide (DMSO), N,N,NЈ,NЈ-tetramethylenediamine (TEMED), and ammonium persulfate (APS) were purchased from Aldrich (Milwauke, WI). Dextran acrylates (dexT70-VA) with different degree of substitution (DS) were synthesized as described previously. 16 The products were characterized by 1 H NMR to assess the DS. 16 All other chemicals and solvents used in this work were of the highest purity commercially available.
Preparation of dexT70-VA Hydrogels
Dext70-VA hydrogels were obtained by free radical polymerization of aqueous solutions of dexT70-VA as a function of DS and monomer concentration. Dext70-VA (80 or 200 mg) was dissolved in 0.9 mL of 0.2 M phosphate buffer, pH 8.0, and bubbled with nitrogen for 2 min. The polymerization reactions, performed in a cell culture plate (diameter Х1.8 cm) (in case of bubbles, they were removed with a pipette tip), were initiated by adding 50 L APS (80 mg/mL in 0.2 M phosphate buffer, pH 8.0) and 50 L TEMED solution (13.6% (v/v) in water; pH adjusted to 8.0 with 12 N HCl; this compound accelerates the rate formation of free radicals from APS), and allowed to proceed for 24 h at 25°C. The hydrogels synthesized contained an initial water content of 92% (w/w) and 80% (w/w), when 80 mg and 200 mg of dexT70-VA macromonomer were used, respectively, maintaining constant the other components (i.e., buffer, APS, and TEMED).
The hydrogels, after being removed from the plate, were immersed in ca. 50 mL of 0.01 M citrate-phosphate buffer, pH 7.0, changing the buffer daily, at 25°C. After 5 days, the hydrogels disks were steam-sterilized for 20 min at 120°C followed by equilibration for 24 h at 25°C. At this time the swollen weight (W s ) of hydrogels was determined. The hydrogels were then dried at room temperature, under vacuum, in the presence of phosphorous pentoxide (until constant weight was achieved), and weighed to determine the dried weight, W d . The swelling ratio at equilibrium (SRE) was calculated according to:
For SEM, MPI, and NA analyses, the hydrogels after being steam sterilized were flash frozen in liquid nitrogen and lyophilized on a freeze drier (FTS System, NY; temperature ca. Ϫ89°C and pressure below 100 mTorr) for 24 h.
Structural Characterization through the Equilibrium Swelling Theory
The molecular weight between the crosslinks (M c ) was calculated by the equilibrium swelling theory of Flory and Rehner 17 and modified by Peppas et al. 18 For the case of highly crosslinked networks, where the crosslinks were introduced in solution, the M c was calculated according to Equation (1) , which takes into account deviations from a Gaussian distribution of polymer chain lengths:
where M n is the number average molecular weight of dextran (39,940 Da), is the partial specific volume of dextran (0.62 cm 3 /g), V 1 is the molar volume of water (18 cm 3 /g), 1 is the Flory polymer-solvent interaction parameter (0.473 for dextran/water), c is the number of links of the chain ( c ϭ 2M c /M r , where M r is the molecular weight of the dextran repeating unit, 162.14), 2,r is the polymer fraction of the gel after gel formation and 2,s is the polymer fraction at equilibrium swelling. 2,r and 2,s were calculated from the weight of the gels before exposure to the buffer solution and after equilibrium swelling, respectively, assuming volume additivity of water and dextran.
The average mesh size, , was calculated from the M c values through the use of Equations (2) and (3):
where r 0 2 represents the average end-to-end subchain length (in Å) when the gel is unswollen, C n is the polymer rigidity factor, assumed to be 8.9 by analogy to polar poly(vinyl alcohol), 19 M r is the molecular weight of the dextran repeating unit (162.14 gmol Ϫ1 ), b is the characteristic bond length of the polymer backbone (ϭ1.54 Å, corresponding to the COC bond length) and 2,s is the polymer fraction at equilibrium swelling.
MIP
MIP (Micromeritics Poresizer 9320) was used to determine bulk density, skeletal density, porosity, and pore size distribution. All the samples were degassed before analysis at a vacuum pressure below 50 mHg. By knowing the volume intruded at 1-2 psia (known as bulk volume, as it includes solid sample, pores, and interstices) and the material weight, it is possible to calculate the bulk density. High pressure runs (from 25 up to 30,000 psia) were performed with an equilibration time of 20 s and a maximum intrusion volume of 0.0500 mL/g. At 30,000 psia the skeletal density (calculated from the skeletal volume measured at this pressure, which includes solid sample and pores diameters bellow 6 nm) was determined. The porograms (intruded volume vs. pressure) obtained were converted into pore size distribution curves (cumulative and differential) according to the Washburn equation:
where p is the pressure required to force mercury into a pore of entry diameter d, ␥ is the mercury surface tension (485 dyn cm Ϫ1 ), and is the contact angle between mercury and the sample (130°). The porosity of hydrogels was calculated from Equation (5): porosity ϭ ((skeletal density-bulk density)/skeletal density) ϫ 100 (5)
NA
NA isotherms of hydrogels were obtained using ASAP (Accelerated Surface Area and Porosimetry) 2000 from Micromeritics. The samples were previously degassed to below 5 mHg at room temperature and the analyses were performed at 77 K, using liquid nitrogen. The equilibration interval was 5 s. The surface area was calculated using the BET method. 23 Pore size distribution, based on BJH calculations, 24 was evaluated by the apparatus software.
SEM
Scanning electron micrographs were obtained from swollen freeze-dried gels (fractured pieces of 0.6 -0.9 cm in length, corresponding to half-diameter of each hydrogel) mounted onto an aluminum stud, and gold coated by plasma vapor deposition. The hydrogel surface and interior were recorded by a field emission scanning electron microscope (JEOL model JSM-5310), at 15.0 kV. In both regions representative pore size distributions, at two different radial positions, were photographed.
Analyses of the digitized images were performed using Scion Image (Scion Corporation, Maryland), according to a methodology described by others. 11, 12 Briefly, a thresholding procedure was applied to the SEM images and the validity of the thresholding level was confirmed by comparing the image before and after the procedure. In the case of irregularities, they were corrected manually by comparison to the original photograph. After calibrating with a known scale, the pores were measured and labeled one by one. The diameter of a pore was obtained by averaging its major and minor axes.
Rheological Characterization
Rheological experiments have been carried out using the parallel plate geometry (20 mm diameter, steel) of a Haake Rheostress RS 1. Sandpaper has been glued onto each plate surface to avoid slippage of samples. Equilibrium swelling conditions have been maintained during rheological measurements by adding water at pH 7 on the lower plate of the geometry until the entire free lateral surface of hydrogels has been completely wetted by the liquid. Gap setting optimizations have been undertaken according to the procedure described elsewhere. 25 Hydrogels were subjected to stress sweep experiments (frequency of 1 Hz) to optimize the applied stress used in the frequency-oscillation experiments. These last experiments were recorded over a frequency range from 0.1 to 10 Hz.
RESULTS AND DISCUSSION
Regioselective incorporation of acrylate groups in the dextran backbone was accomplished by transesterification of dexT70 with VA catalyzed by Proleather, a Bacillus subtilis protease, dissolved in DMSO. 16 Dextran-acrylate (dexT70-VA) hydrogels were obtained upon free radical polymerization of aqueous solutions of dexT70-VA (Fig. 1) . Because we envision to apply these hydrogels in vivo, 26 they were sterilized by autoclave prior their characterization. The cryofixed swollen dextran-acrylate hydrogels were characterized by MIP, NA, and SEM to fully evaluate their pore structure.
Structural Analysis by MIP
This technique measures the intruded volume of mercury in the sample at specific pressures. Afterwards, the pressure is converted into pore size according to the mathematical model of Washburn [Equation (4)], which assumes that the applied pressure is inversely proportional to the pore (cylindrical) diameter. Figure 2 shows the intrusion curves for dexT70-VA hydrogels obtained from initial water content of 80% as a function of the degree of substitution. In general, the curves show a small intrusion of mercury (less than one-third of the total mercury volume intruded in the sample) for pressures below 30 psia, corresponding to pore diameters larger than ca. 10 m and a predominant intrusion for pressures above 200 psia, effectively corresponding to hydrogel pore diameters below 1 m, as will be confirmed by nitrogen adsorption and SEM analyses (see below). As clearly shown by the high content of mercury intruded (also displayed in Table I ), hydrogels with low DS, particularly those with a DS of 7.2%, present higher pore volumes than hydrogels with high DS. This is due to the low number of crosslink points, which makes these networks more open and thus with more empty spaces. Figure 3 shows the pore size differential distributions for the overall dextran-based hydrogels. Taking into account the pore size range of the networks, hydrogels with low DS exhibit broader pore size distributions than networks with high DS. From Figure 3 and Table 1 it can also be concluded that the pore sizes of hydrogels (represented by the modes of the differential distribution curves, that is, the most frequent diameter) decrease as DS increases, as a result of the increased number of intermolecular crosslinks, which are favored by the higher number of acrylate groups attached to dextran. However, this effect is somehow less pronounced for higher values of DS, which might be related to the low efficiency of the crosslinking reaction in this range of DS. In fact, previously, we demonstrated by FTIR experiments 15 that the polymerization of vinyl groups in dexT70-VA monomers with high DS, was not as efficient as the polymerization of monomers with low DS.
The initial water content in the polymerization reaction played also an important effect (in some cases more relevant than DS) in the pore volume and pore size distribution on dexT70-VA hydrogels. Indeed, hydrogels with higher initial water content exhibit higher pore volumes and pore sizes than hydrogels with lower initial water content (Fig. 3 and Table  1 ). This is due to the increase of intermolecular crosslinks and physical entanglements formed by more concentrated polymer solutions (low initial water content in the hydrogel). 16 According to Table I , the porosity values ranged from 75 up to 90%, which suggests that dexT70-VA hydrogels are formed by an interconnected structure. Interestingly, the porosity values achieved in this work are higher than other values described for polymeric matrices with the same pore range. 6 This is an interesting characteristic of these hydro- a Determined at 1 mL/g in Figure 3 (log differential intrusion volume versus pore diameter).
b Expressed as the mode of the differential distribution curves. c Calculated by Equation (5) ((skeletal density-bulk density)/skeletal density) ϫ 100. gels, which may have particular significance for their potential application in tissue engineering.
Structural Analysis by NA
Despite this technique being mostly used to measure surface areas in powders and porous networks, it can also provide useful information about pore size in the mesoporous range (Ͻ0.050 m). From the isotherms illustrated in Figure 4 , obtained for all hydrogels, it can be seen that they are all identical, with shapes similar to those of type IV and hystereses of type I, denoting the presence of mesopores. 27 BET surface areas (Table II) were calculated from the corresponding isotherms with correlations higher than 0.99993 and C values ranging from 47 to 220, demonstrating the validity of this method. 27 Table II also shows that specific surface area increases as the initial water content decreases (at constant DS) and as the DS increases (for a constant initial water content) as a result of the presence of smaller pores (Table I) .
The calculation of pore size distribution in dexT70-VA hydrogels was based on the BJH method (assuming cylindrical pores) using the desorption isotherms (Fig. 5) , as recommended for comparisons with mercury intrusion. 28, 29 The modes of the distribution curves of the 80% dexT70-VA hydrogels (Table II and Fig. 5) show that pore sizes decrease as DS increases in agreement with the tendency found for the results of MIP. However, it should be emphasized that the absence of the plateau at high pressures in the isotherms of Figure 4 indicates that pores with larger diameters may exist, and therefore, these results should regarded with caution and complemented by MIP analysis. In fact, mercury porosimetry results (Fig. 3) show the occurrence of mercury intrusion either in macroporous or mesoporous regions, especially for hydrogels with low DS. Nevertheless, it should be noted that MIP is more reliable in the macroporous range whereas NA is recommended for meso-and micropore ranges. Moreover, the pore volumes calculated from gas adsorption are considerably smaller than those determined from mercury porosimetry, indicating that the number of these pores in the network is practically negligible.
Structural Snalysis by SEM
SEM provides information about pore geometry and size according to their specific location in the hydrogel, and therefore gives relevant information about the homogeneity/ heterogeneity of the hydrogel network. For this purpose, SEM pictures were taken at the surface and interior of the hydrogels at two different radial positions (Fig. 6). Figures 7  and 8 display SEM photographs taken at ␤ and ␦ locations (surface and interior inner regions of hydrogels), respectively.
Figures 7(A) and (B) show surface images from hydrogels with different initial water content (92 and 80%, respectively) and the same DS (7.2%). In both cases, hydrogels are covered by irregular pores with sizes ranging from 2-10 m, in some places covered by a thin "skin" of polymer. Identical structure was also observed for hydrogel DS 12.1% (data not shown). The presence of a polymeric "skin" has been described for other hydrogels, 6, 30 and is probably related to the collapse of surface pores by a freeze-drying process mainly in hydrogels with large pores and thin walls. A totally different structure was found either in 92 or 80% dexT70-VA DS 22.4% hydrogels [ Fig. 7(C) and (D) , respectively]. These networks are covered by pores with circular and elliptical geometries, ranging from 0.4 upon 8 m (Table III) . In addition, the pores in hydrogel 80% DS 22.4% are larger than the ones observed in 92% DS 22.4% hydrogel. Identical structures were found in location ␣ (outer radius, Fig. 6 ), indicating that the pictures of Figure 7 can be considered as representative of the overall surface. Figure 8 shows a similar comparison for both hydrogels with respect to the interior location ␦ (inner radius, Fig. 6 ). Hydrogel 92% DS 7.2% exhibits an open 3D and homogeneous network structure, with large pores [ Fig. 8(A) and Table III ]. In contrast, hydrogels 80% DS 7.2% [ Fig. 8(B) ] and 92% DS 22.4% [ Fig. 8(C) ] exhibit a lower average pore size (Table III) and a heterogeneous network structure, showing well-delimited regions with different pore sizes and geometries. Finally, in 92 and 80% DS 12.1% (data not shown), and 80% DS 22.4% [ Fig. 8(D) ] hydrogels, their interior structures were more regular than the ones found in 80% DS 7.2% and 92% DS 22.4%. Either small or large pores were mixed in the overall interior of hydrogel and delimited poreregions were not observed. Taken into account all hydrogels (Table III) , in general, the average pore size (corresponding to the mode of the pore size distribution) decreased as the DS increased and the initial water content decreased. Regarding the outer part of hydrogel interiors ( in Fig. 6 ), our results indicate that the networks are more open at this location than at the inner part (considering the mode of pore size distributions) and either small or large pores are mixed in the overall region.
The results of Table III confirm that all dext70-VA hydrogels are clearly macroporous (with pore sizes far beyond 50 nm), in accordance with the results obtained by mercury porosimetry. The discrepancies in the absolute values of pore sizes estimated by both techniques are likely due to distinct measuring principles, size definitions, and sampled regions; however, similar trends were found for the effect of DS and initial water content in the hydrogel pore size. In addition, the results of this work show that dexT70-VA hydrogels are higher macroporous than other dextran-based hydrogels. For instance, Kim et al. 12 reported that dextran-methacrylate hydrogels DS 9% and 24% had an average pore diameter in Figure 7 . Scanning electron micrographs of surface region (inner radius, ␤) from swollen dexT70-VA hydrogels with different DS and initial water contents. (A) 92%, DS 7.2% (ϫ2000); (B) 80%, DS 7.2% (ϫ2000); (C) 92%, DS 22.4% (ϫ2000), and (D) 80%, DS 22.4% (ϫ2000). In (A) and (B) there is a polymeric "skin" (PS) covering the pores. the mesoporous range (2 nm Ͻ d Ͻ 50 nm). The larger pores found in the present work for dexT70-VA hydrogels when compared to the photochemically generated dextran-methacrylate hydrogels may be related to the lower conversion of the vinyl groups into intermolecular linkages (intramolecular linkages do not contribute for the 3D structure and thus for pore formation). This lower conversion may be a consequence of the free-radical polymerization used in this work in contrast to the photo polymerization used in dextran-methacrylate hydrogels, the specific nature of the vinyl group used (acrylate/methacrylate), and/or to the regioselectivity achieved in the macromonomers (unfortunately, the regioselectivity pattern in dextran-methacrylate macromonomer was not reported).
Structural Analysis by the Equilibrium Swelling Theory
The structural properties of dexT70-VA hydrogels were also evaluated by a modeling approach previously used by us for nonsterilized networks. 16 The average molecular weight between crosslinks (M c ) of dexT70-VA hydrogels was determined using the equilibrium swelling theory of Flory and Rehner, 17 as previously described. 16 This thermodynamic theory states that a crosslinked polymer gel, which is immersed in a fluid and allowed to reach equilibrium with its surrounding, is subject to two opposing forces, the thermodynamic force of mixing and the retractive force of the polymer chains. At equilibrium, these two forces are equal, which allows the calculation of M c according to Equation (1). This theory is valid when the hydrogels are neutral, swelling is isotropic, and the crosslinks are tetrafunctional (four chains are connected at one crosslink point). After the calculation of M c values, the average mesh size () was calculated according to Equation (2) and (3) . The mesh size is defined as the average linear distance between two adjacent crosslinks 1 and characterizes the network and the effective space available for solute diffusion. 31 It is very often used as a structural parameter in describing the size of the pores and thus can be regarded as the average pore size. 1 According to the results of Table IV, the average pore sizes ranged from ca. 3 to 21 nm for the different hydrogels, and thus are highly underestimated compared to the values achieved by SEM, MIP, and NA. Despite the large differences in the average pore sizes, both approaches show that hydrogels with low initial water content and high DS values present lower average pore sizes than hydrogels with high initial water content and low DS values.
Discrepancies between average pore sizes calculated by the equilibrium swelling theory of Flory-Rehner and other approaches have been also reported elsewhere. Hennink et al. 20 have noticed that the average pore size of dextranmethacrylate hydrogels, calculated through the equilibrium swelling theory, was underestimated when compared to the values obtained by protein release experiments. Furthermore, a In brackets it is presented the total pore size range (m), the distribution mode (m), and the number of pores analyzed (n). The pore size distributions were obtained from SEM images at magnifications between 1000ϫ and 5000ϫ.
b Because no differences were observed in the pore size distribution obtained at locations ␣ and ␤ (see Fig. 6 ), these values can be considered representative of the overall hydrogel surface.
c The pore analysis was carried out at location ␦ (see Fig. 6 ) in the hydrogel. d The pore analysis was carried out at location (see Fig. 6 ) in the hydrogel. e Part of the surface was covered by a thin "shell" of polymer, whereas in the other regions the pores were highly interconnected circumventing the pore size determination. f Not determined.
g The values represent a bimodal distribution of pores. an underestimation of the hydrogel mesh size using FloryRehner analysis was also reported by Reinhart and Peppas for poly(vinyl alcohol) hydrogels crosslinked with glutaraldehyde. 32 Typical values of average pore size calculated through the Flory-Rehner analysis for hydrogels were in the micropore and mesopore ranges (5.5-11.9 nm for poly(ethylene glycol) hydrogels, 21 20 ). To our knowledge, this modeling approach has not been used on macroporous hydrogels such as the ones described in this work, and thus may not describe adequately the network properties. In fact, as the average pore size of dexT70-VA hydrogels increases according to MIP analyses, higher differences were found between those values and the ones obtained through the Flory-Rehner analysis. The underestimation of the average pore size values may result from an underestimation of M c values. Due to several vinyl groups attached to each dextran chain, junctions with higher functionalities than tetrafunctional assumed by the Flory-Rehner theory can be expected for dexT70-VA hydrogels. This will decrease the M c values and thus the average pore size.
Another possible explanation for the differences found in the average pore sizes obtained by MIP and Flory-Rehner analysis may result from differences in the sample state. For Flory-Rehner analysis, swollen hydrogels were used while in SEM; MIP and NA the samples were first cryofixed and then lyophilized. Although it has been reported that cryofixation and freeze-drying processes have a minimal disturbance in the network structure, 12 we further investigated this issue. For that purpose, swollen 80% dexT70-VA 12.1% hydrogels were characterized by an alternative methodology to the equilibrium swelling theory. In this case, rheological tests were performed to obtain the shear modulus, GЈ, which were converted into M c values by the phantom network theory 33 according to Equation (6) :
where is the polymer density, R is the gas constant (8.314 JK Ϫ1 mol Ϫ1 ), T is the temperature (298 K), M n is the number average molecular weight of dextran (39,940 Da) and 2,s is the polymer fraction at equilibrium swelling (Table IV) . It should be noted that the phantom network theory allows for movement of the crosslink junctions through rearrangements of the chains and also account for the presence of terminal chains in the network structure. 33 The GЈ value for the swollen 80% dexT70-VA 12.1% hydrogel was 11,123 Ϯ 2353 Pa (n ϭ 3), which yields a M c value of 3,944,517 Ϯ 744,076 gmol Ϫ1 after using Equation (6) . The conversion of M c value through Equations (2) and (3) yields an average pore size of 183 nm. This value is quite close to that value found by MIP for the corresponding hydrogel (200 nm), and suggests that the sample preparation does not explain the differences found in the average pore sizes as determined by MIP, SEM (and even NA), and the Flory-Rehner model.
CONCLUSIONS
Three analytical techniques (MIP, NA, and SEM) were used to analyze pore structure of swollen dextran-acrylate hydrogels generated chemoenzymatically. The results of MIP have shown that the overall networks were essentially macroporous (with pores up to several micrometers); however, gas adsorption also revealed a small amount of mesopores. SEM analysis confirmed these findings and showed that the interior morphology varied according to the DS and the initial water content of the hydrogels. A polymeric "skin" covering the pores surface of hydrogels (specially those with lower DS) was sometimes observed. The comparison of the SEM and MIP results with the ones obtained by the Flory-Rehner model shows that this last approach was inadequate and highly underestimated the average pore size of dexT70-VA hydrogels, mainly for networks with large pore sizes. The results also suggest that the underestimation of the average pore size by the Flory-Rehner model is not caused by the sample state. Finally, the results described in this work show that it is feasible to control the average pore size of dexT70-VA hydrogels by changing the DS of the dext70-VA macromonomer and/or the initial water content used in the hydrogel preparation. In fact, all the techniques revealed that pore size decreases as DS increases and/or the initial water content decreases. This is of crucial importance for the ultimate application of these networks as controlled release systems or as scaffolds for tissue engineering. The DS in dexT70-VA hydrogel affects the extent of crosslinking, which in turn, affects the pore size distribution of the resulting swollen network; on the other hand, the initial water content of the hydrogel (inversely related to the initial concentration of polymer chains) affect the extent of intermolecular/intramolecular linkages that will be formed, and thus the ultimate pore size distribution.
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